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ABSTRACT 
This  paper c o n s i s t s  of a motion p i c t u r e  s c r i p t  supplemented by 
e i g h t  f i g u r e s .  This  s c r i p t  i s  t h e  sound t r a c k  f o r  a 17-minute (16-mm) 
co lo r  motion p i c t u r e .  This motion p i c t u r e  f i l m  supplement C-275 is  
\ 
$ 2 a v a i l a b l e  on loan .  
I w 
The f i l m  c o n s i s t s  of f i v e  s e p a r a t e  computer-made c o l l i s i o n  se- 
quences, f i v e  animated sequences and e i g h t  s t i l l s ,  some of which are 
computer-made t i m e  h i s t o r y  p l o t s .  The behavior  of ion-dipole c o l l i -  
s i o n s  is con t r a s t ed  wi th  ion-induced-dipole (Langevin) c o l l i s i o n s .  
Film supplement C-275 is  a v a i l a b l e  on r eques t  t o :  
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INTRODUCTION 
This  paper c o n s i s t s  of a motion p i c t u r e  s c r i p t  supplemented by 
e i g h t  f i g u r e s .  This  s c r i p t  is  t h e  sound t r a c k  f o r  a 17-minute (16-mm) 
color  motion p i c t u r e .  This motion p i c t u r e  f i l m  supplement C-275 i s  
a v a i l a b l e  on loan .  
The f i l m  c o n s i s t s  of f i v e  s e p a r a t e  computer-made c o l l i s i o n  se- 
quences and e i g h t  s t i l ls ,  some of which are computer-made t i m e  h i s t o r y  
p l o t s .  The behavior  of ion-dipole  c o l l i s i o n s  is  con t r a s t ed  wi th  ion- 
induced-dipole (Langevin) c o l l i s i o n s .  
Ion-molecule i n t e r a c t i o n  p o t e n t i a l s  are s i g n i f i c a n t  a t  l a r g e  sepa- 
r a t i o n s  where neutral-molecule  p o t e n t i a l s  are n e g l i g i b l e .  Ion  trajec- 
t o r i e s  i n  t h e  f i e l d  of an induced d i p o l e  were s tud ied  by Langevin. The 
p o t e n t i a l  is: 
ae V(R) = - - 
2R4 
where a lpha  and e are t h e  e l e c t r o n i c  p o l a r i z a b i l i t y  and charge and R 
is t h e  ion-molecule sepa ra t ion .  The cap tu re  c ros s  s e c t i o n  f o r  such 
o r b i t s  i s :  
2 
IS = .rrbL I.. 
t h e  c r i t i c a l  impact parameter is:  
where e p s i l o n  is t h e  re la t ive t r a n s l a t i o n a l  energy a i n f i n i t e  separa- 
t i on .  For b less than bL cap tu re  always occurs .  A l l  t r a j e c t o r i e s  
wi th  b g r e a t e r  than  bL are simple s c a t t e r i n g s .  
Many molecules have permanent e lec t r ic  d i p o l e  moments. The corre-  
sponding p o t e n t i a l  express ion  has t h e  terms 
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L. cos y -ole 
R2 2R4 
-1-1 e +- 
where gamma is  t h e  ion-dipole  o r i e n t a t i o n  angle .  A molecule wi th  a 
permanent d i p o l e  moment cannot b e  t r e a t e d  as a po in t  p a r t i c l e  s i n c e  t h e  
i n t e r a c t i o n  p o t e n t i a l  is a func t ion  of r o t a t i o n a l  energy. This  movie 
summarizes some of t h e  r e s u l t s  of t r a j e c t o r y  c a l r a l a t i o n s  done by t h e  
au tho r s ;  t h e  e a r l y  work w a s  done i n  c o l l a b o r a t i o n  wi th  P ro fes so r  John L.  
Magee of t h e  Univers i ty  of Notre  Dame .  
One l i m i t i n g  case  is t h a t  of a po la r  molecule wi th  zero  moment of 
i n e r t i a  c o l l i d i n g  wi th  a n  ion .  I n  t h i s  case, t h e  d i p o l e  can  a d j u s t  i t s  
o r i e n t a t i o n  as t h e  c o l l i s i o n  develops,  t h e  ang le  gamma i s  always zero  
and t h e  l a r g e s t  poss ib l e  c ros s  s e c t i o n  r e s u l t s .  This maximum c r o s s  
s e c t i o n  is:  
This  l i m i t i n g  case is termed "adiaba t ic"  i. e. t h e  completely hindered 
case, because t h e  d i p o l e  a l i n e s  i t s e l f  w i th  t h e  ion  throughout t h e  
c o l l i s i o n  e 
Another l i m i t i n g  case i s  t h e  very  e n e r g e t i c  r o t a t o r  which is  un- 
a f f e c t e d  by t h e  i o n ,  i .e. ,  t h e  completely unhindered case. Averaging 
over a l l  p o s s i b l e  o r i e n t a t i o n s  g ives  a lower l i m i t  c r o s s  s e c t i o n .  
Calcu la t ions  have been done which are based on a c l a s s i c a l  model f o r  
t h e  ion-molecule c o l l i s i o n .  The p o e e n t i a l  energy inc ludes  bo th  ion- 
d i p o l e  and i o n - p o l a r i z a b i l i t y  terms f o r  c a p t u r e  c ros s  s e c t i o n  ca lcu la-  
t i o n s .  I n  a l l  cases t h e  s t r u c t u r e l e s s  i o n  e n t e r s  only through i ts  
charge .and mass. 
The coord ina te  system used f o r  t h e  c a l c u l a t i o n s  involv ing  l i n e a r  
po la r  molecules i s  shown i n  Fig.  1. The center-of-misp of t h e  i o n  
and molecule and t h e  ion-dipole o r i e n t a - ' m  angle  gamma a r e  ind ica t ed .  
T r a j e c t o r i e s  were ca l cu la t ed  f o r  many impace pLrd ..c,"?rs a t  d i f f e r e n t  
i o n  v e l o c i t i e s  and t a r g e t  r o t a t i o n a l  temperatures .  & o r  an i n i t i a l  
energy and impact parameter,  t h e r e  is a p r o b a b i l i t y  t h a t  t h e  system 
w i l l  a r r i v e  a t  an ion-molecule s e p a r a t i o n  corresponding t o  capture .  
The f r a c t i o n  of c o l l i s i o n s  having t h i s  r e s u l t  w e  ca l l  t h e  "capture  
r a t i o "  C sub R. 
The Langevin t r a j e c t o r i e s  have a s imple  proper ty ;  t h e  "al l -or-  
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nothing" cap tu re  r a t i o  is  a s t e p  func t ion .  
mum c r o s s  s e c t i o n  .for a po la r  molecule assiimes t h a t  t h e s e  c o l l i s i o n s  
are a l s o  all-or-nothing s i t u a t i o n s .  The ca l cu la t ed  ion-dipole c o l l i -  
s i o n s  do not have t h i s  property.  
The d e r i v a t i o n  of t h e  maxi- 
A p l o t  of cap tu re  r a t i o  ( f o r  t h e  methyl cyanide parent- ion system) 
a g a i n s t  impact parameter is shown i n  Fig.  2 f o r  an  i o n  v e l a c i t y  of 
5 t i m e s  104 Centimeters pe r  second and ro t a t ione '  temperatures of 
300 and 77 degrees  Kelvin.  The r a t i o s  are shown f o r  Langevin b sub L 
the maximum b sub M and t h e  l i m i t i n g  b sub gamma. The d i p o l e  does 
not  e x e r t  i t s  maximum e f f e c t  i n  causing cap tu re  and sometimes prevents  
cap tu re  as C sub R f a l l s  below u n i t y  f o r  b less than  b sub L. But, 
t h e  very  l a r g e  d i p o l e  e f f e c t  on cap tu re  i s  clear from comparison wi th  
Langevin va lues .  P o l a r i z a t i o n  of t h e  r o t o r  b r ings  about an o r i e n t a t i o n  
wi th  t h e  f i e l d  and t h e  cap tu re  r a t i o  should i n c r e a s e  as t h e  average 
r o t a t i o n a l  energy decreases .  Thus, C sub R i s  l a r g e r  a t  t h e  lower t e m -  
pe ra tu re .  The "capture  c o l l i s i o n "  c ros s  s e c t i o n  is  
where b sub zero is t h e  impact parameter a t  which C sub R becomes 
zero.  A comparison wi th  r e s u l t s  of methyl cyanide experiments is pre- 
sen ted  i n  Fig.  3 and shows s a t i s f a c t o r y  agreement. 
Examination of t h e  c a l c u l a t e d  t r a j e c t o r i e s  i n d i c a t e s  t h a t  t h e r e  is 
very r ap id  energy exchange between t r a n s l a t i o n a l  and r o t a t i o n a l  modes. 
This  energy t r a n s f e r  can l e a d  t o  formation of long-lived c o l l i s i o n  com- 
plexes via  m u l t i p l e  r e f l e c t i o n  behavior .  
W e  choose t o  approximate short-range i n t e r a c t i o n s  by a hard i n n e r  
core  p o t e n t i a l  p h i  sub c ,  w i t h  a r ad ius  R sub c of 3 angstroms where 
t h e  p o t e n t i a l  energy rises t o  i n f i n i t y .  
A p l o t  of e f f e c t i v e  p o t e n t i a l  &own i n  F ig .  4 i l l u s t r a t e s  t h e  
mul t ip l e - r e f l ec t ion  mechanism. 
t h e  i n t e r a c t i o n  and angular  momentum t e r m s .  I n  t h e  Langevin case, t h e  
ion  starts at i n f i n i t y  wi th  t r a n s l a t i o n a l  ent-gy eps i lon  sub one, goes 
over t h e  b a r r i e r  a t  R s ta r ,  r e f l e c t s  o f f  p h i  SUO c and r e t u r n s  t o  
l a r g e  R. I n  t h e  d i p o l e  t a r g e t  case t h e  b a r r i e r  he igh t  1s a func t ion  
of d i p o l e  o r i e n t a t i o n .  Thus t h e  i o n  go-" over t h e  bar r i r :  a t  R prime 
be fo re  r e f l e c t i o n  as t h e  d i p o l e  b a r e l y  r o t a t e e ,  vever, as r e f l e c t i o n  
occurs ,  t h e  d i p o l e  alters i t s  o r i e n t a t i o n ,  e r e c t i n g  h ighe r  b a r r i e r  a t  
R double prime. The t r a n s l a t i o n a l  energy is now i n s u f f i c i e n t  f o r  t h e  
i o n  t o  escape and another  r e f l e c t i o n  occurs .  
The e f f e c t i v e  p o t e n t i a l  c o n s i s t s  of 
Thus, i n  t h e  Langevin case, s imple specu la r  r e f l e c t i o n  occurs ,  
whereas t h e  r o t a t i n g  d i p o l e  in t roduces  o u t e r  t u rn ing  po in t s  and mul t i -  
p l e  r e f l e c t i o n s  r e s u l t .  
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Relative speed and r o t a t i o n a l  energy are shown versus  s e p a r a t i o n  i n  Fig. 5 
f o r  a s i n g l e  r e f l e c t i o n  c o l l i s i o n  wi th  a methyl cyanide t a r g e t .  
v e l o c i t y  inc reases  wi th  decreas ing  R u n t i l  t h e  p o t e n t i a l  energy be- 
comes a minimum. The r o t a t i o n a l  energy changes d r a s t i c a l l y .  Var i a t ions  
of t h e  ou te r  t u rn ing  po in t s  f o r  methyl cyanide taTgets  wi th  n e t  s p i r a l -  
i n g  of c o l l i s i o n  p a r t n e r s  are shown (Fig. 6 ) .  
The 
These computer-plotter s t u d i e s  have include.’ making motron p i c t u r e s  
of ion-polar-molecule c o l l i s i o n s .  Each motion p i c t u r e  ( see  Fig.  7) 
frame shows the p r o j e c t i o n  of i o n  and molecule i n  a plane through the 
center-of-mass of t h e  p a i r .  The ion  i s  represented  by a d i s k .  The 
molecular d i p o l e  is  a dumbbell w i th  d i s k s  a t  each end. The molecule 
c o n s i s t s  of t h e  d i p o l e  surrounded by a c i rc le  of t r i a n g l e s .  The r a d i i  
of t h e  c i rc le  and d i s k s  are v a r i e d  above and below t h e  p lane .  
The f i r s t  c o l l i s i o n  involv ing  a methyl cyanide molecule and i o n  is  
a s i n g l e - r e f l e c t i o n  c o l l i s i o n .  The methyl cyanide molecule r o t a t e s  
r a p i d l y  u n t i l  t h e  p a r t i c l e s  come w i t h i n  10 angstroms of each o t h e r ;  
then  i t  becomes hindered.  This  i s  a head-on r e f l e c t i o n ,  followed by 
mutual s p i r a l i n g  of t h e  i o n  and molecule,  and d i f f e r s  from t h e  s imple 
specu la r  Langevin r e f l e c t i o n .  The d i p o l e  is  s t r o n g l y  hindered through- 
out  t h e  i n t e r a c t i o n  because t h e  ion-dipole  p o t e n t i a l  term i s  q u i t e  
l a r g e .  The molecule depa r t s  above t h e  p lane  wi th  t h e  ion  below it .  
The second sequence shows a 10 - re f l ec t ion  methyl-cyanide parent-  
i o n  c o l l i s i o n  wi th  t h e  molecule approaching s l i g h t l y  below t h e  plane.  
An i n t e r e s t i n g  a spec t  of t h i s  c o l l i s i o n  is  t h e  mutual s p i r a l i n g  of 
p a r t n e r s  a t  d i s t a n c e s  of about 1 5  angstroms corresponding t o  a l a r g e  
c h a r a c t e r i s t i c  r ad ius  f o r  t h e  ion-molecule complex. Rad i i  as l a r g e  as 
20 t o  23 angstroms have been observed f o r  t h e  methyl-cyanide system. 
(This i s  i n  c o n t r a s t  t o  t h e  carbon-monoxide system where t h e  r a d i i  are 
c h a r a c t e r i s t i c a l l y  3 t o  5 angstroms.) There is  pronounced s p i r a l i n g  a t  
l a r g e  d i s t a n c e s  f o r  methyl-cyanide, and t h i s  occurs  because there is  a 
l a r g e  d i p o l e  moment. The d i p o l e  momentarily becomes d rama t i ca l ly  hin-  
dered,  and i t s  angular  momentum i s  converted t o  t h e  mutual s p i r a l i n g  
motion. 
I n  hydrochlor ic  ac id  c o l l i s i o n s ,  t h e  average number of r e f l e c t i o n s  
i n  a m u l t i p l e - r e l f e c t i o n  c o l l i s i o n  is  h igh ,  td? t h e i r  occurrence i s  
rare. This  is  because of t h e  small moment of i n e r t i a  of hydrochlor ic  
ac id .  The combination of l a r g e  moment of iner t ia  and l a r g e  d i p o l e  
moment f o r  methyl cyanide causes  multipl-ref l e c t i o n  behagior  t o  b e  
h igh ly  probable.  
Presumably, molecular v i b r a t i o n  w i l l  af f e e t  bo th  the  c a p t u r e  c ros s  
s e c t i o n  and t h e  e x t e n t  of energy t r a n s f e r .  
V ib ra t ion  is  incorpora ted  i n  t h e  c o l l i s i o n  model by making t h e  
semi-classical assumption tha t  t h e  d i p o l e  moment i s  a func t ion  of in-  
s tan taneous  molecular bond l eng th  r .  The v i b r a t o r  coord ina te  x 
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is  def ined  as t h e  ins tan taneous  displacement of khe bond from i ts  equi- 
l i b r ium l eng th  r sub e ( see  Fig.  6 ) .  The ins tan taneous  d i p o l e  moment 
is assumed gauss ian  
where mu sub zero is  t h e  " s t a t i c "  mu va lue  and a i s  a molecular  
cons tan t .  Two sets of v i b r a t o r s  were s t u d i e d ;  w i t h  mu of x a weak 
func t ion  of displacement ,  set  ( A ) ,  and s t rong  func t ion ,  set  ( B ) .  
A sample v i b r a t o r  movie frame is shown (see Fig. 9 ) .  The d i p o l e  
l eng th  is  now v a r i a b l e .  The vertical. marks a t  t h e  top  i n d i c a t e  t h e  
i n n e r  t u rn ing  p o i n t ,  t h e  x equals  zero p o i n t  and ou te r  t u rn ing  p o i n t  
of t h e  f r e e  v i b r a t o r .  An e l l i p s e  a t  t h e  top of t h e  frame marks t h e  
ins tan taneous  x va lue  and magnif ies  t h e  vi 'drator  ex tens ion  (x  g r e a t e r  
than  zero)  o r  compression (x less than  ze ro ) .  
free v i b r a t o r  i s  
2 2 Eo = mox / 2  + k x /2  0 
where m sub zero  i s  the  o s c i l l a t o r  mass and 
cons tan t  equal  t o  50 Newtons pe r  meter. 
The t o t a l  energy of t h e  
k sub zero i s  t h e  f o r c e  
The n a t u r e  of t h e  m u l t i p l e  r e f l e c t i o n  behavior  is  gene ra l ly  un- 
changed by t h e  molecular v i b r a t i o n .  
a f f e c t e d  d rama t i ca l ly  by t h e  d i p o l e  f i e l d .  
However, t h e  mode of v i b r a t i o n  i s  
The d i f f e r e n t i a l  equat ion  of motion f o r  t h e  molecular v i b r a t i o n  
along t h e  p o l a r  bond is  
x .e = -(2a 2 pe  cos y/R 2 + ko)x/mo 
The f i r s t  t e r m  i s  t h e  ion-dipole  i n t e r a c t i o n ;  t h e  second is  t h e  conven- 
t i o n a l  r e s t o r i n g  f o r c e o  
The c o l l i s i o n  l i f e t i m e s  are r e l a t i v e l y  insz.?;s i t ive t o  v i b r a t i o n s ;  
however, t h e  cap tu re  r a t i o  depends s t r o n g l y  on t h e  va lue  of t h e  con- 
s t a n t  a. 
The f i r s t  ion-molecule c o l l i s i o n  fnc lua ing  vx2- . t ion,  involves  a 
t a r g e t  w i t h  a weak mu of x v a r i a t i o n  which behaves very  much l i k e  a 
pure ly  r o t a t i n g  t a r g e t .  This  sequence demonstrates  s imple modulation 
of t h e  v i b r a t o r  amplitude by t h e  ion-dipole  i n t e r a c t i o n  dur ing  a mul- 
t i p l e  r e f l e c t i o n  c o l l i s i o n .  The amplitude of t h e  o s c i l l a t i o n  decreases  
wi th  some i n c r e a s e  i n  frequency a t  smaller R va lues .  One g lanc ing  
r e f l e c t i o n  occurs  a t  a s m a l l  ion-molecule s e p a r a t i o n  as t h e  ampli tude 
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remains somewhat less than  t h a t  of a f r e e  v i b r a t o r .  Nine a d d i t i o n a l  
r e f l e c t i o n s  occur  a f t e r  some mutual s p i r a l i n g  a t  l a r g e  s e p a r a t i o n s  ac- 
companied by cons iderable  v i b r a t i o n a l  and r o t a t i o n a l  e x c i t a t i o n .  
A change i n  mode occurs  when t h e  v i b r a t o r  a c c e l e r a t i o n  remains 
near  zero  f o r  a s i g n i f i c a n t  f r a c t i o n  of a v i b r a t i o n a l  per iod.  
s t r a i n i n g  of t h e  v i b r a t o r  s o  t h a t  i t  cannot relax t o  i t s  equi l ibr ium 
s e p a r a t i o n  i s  somewhat analogous t o  quantum mech=,nical t u n n t l i n g  through 
a p o t e n t i a l  b a r r i e r .  Thus, w e  have chosen t o  call i t  "classical tun- 
ne l ing ."  The t i m e  h i s t o r y  p l o t s  of v i b r a t o r  displacement 21: and ve- 
l o c i t y  x d o t  i n  Fig. 10show t h a t  t h e  a c c e l e r a t i o n  x double do t  s t a y s  
near  zero f o r  a S i g n i f i c a n t  f r a c t i o n  of a v i b r a t i o n a l  per iod  (where 
x d o t  is n e a r l y  cons t an t ) .  
s l i g h t l y  g r e a t e r  than  n ine ty  degrees  s o  cos ine  gamma i s  very  s m a l l  and 
negat ive .  
The con- 
A l l  tunnel ing  is  observed when gamma i s  
The second c o l l i s i o n  sequence demonstrates c lass ical  tunnel ing  
a f t e r  t h e  v i b r a t o r  i s  f i r s t  modulated, 
approaches n i n e t y  degrees  t h e  ampli tude of v i b r a t i o n  approaches t h a t  
of a f r e e  v i b r a t o r ;  however, t h e  energy is increased .  When gamma passes  
through p i  over two "tunneling" occurs ,  t h e  v i b r a t o r  translates t o  
v i b r a t e  near  t h e  o u t e r  t u rn ing  p o i n t .  The v i b r a t o r  r e t u r n s  t o  i t s  con- 
v e n t i o n a l  mode when gamma passes  back through 
molecule are approaching f o r  f u r t h e r  r e f l e c t i o n s  as t h e  sequence ends. 
A s  t h e  o r i e n t a t i o n  ang le  
p i  over two. The i o n  and 
The t h i r d  sequence is  i n t e r e s t i n g  from two s t andpo in t s .  Mul t ip l e  
tunnel ing  OCCUTS, and tunnel ing  t akes  p l ace  a t  l a r g e  sepa ra t ions .  The 
n e a r l y  f r e e  v i b r a t o r  s h i f t s  t o  t h e  i n n e r  t u rn ing  p o i n t  and r e t u r n s  t o  
its o s c i l l a t i o n  about  x = 0 as t h e  d i p o l e  tumbles end over end. 
There i s  another  tunnel ing  a t  a s e p a r a t i o n  of 5 angstroms as t h e  con- 
s t r a i n e d  v i b r a t o r  increases ampli tude and then  becomes compressed. 
The v i b r a t o r  r e t u r n s  t o  t h e  convent ional  mode as t h e  f i r s t  r e f l e c -  
t i o n  occurs  and then  tunnels  i n t o  t h e  extended mode. During t h e  second 
r e f l e c t i o n  t h e  v i b r a t o r  r e t u r n s  t o  i ts  convent ional  mode as t h e  d i p o l e  
becomes extremely hindered.  
o r b i t ,  t h e r e  is a t h i r d  r e f l e c t i o n  which is accompanied by a f o u r t h  
compressed tunnel ing .  A s  t h e  p a r t i c l e s  retreat from each o t h e r ,  t h e  
v i b r a t o r  r e t u r n s  t o  i t s  f r e e  mode a t  r o u g h ;  15 angstroms. 





Figure 1. - Coordinate system used in computer study of interaction between an ion  and 
linear polar molecule. 
CH3CN’ + CH3CN v = 5. %lo4 CM SEC-l 
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Figure 2. - Variation of capture ratio with impact parameter for  target rotators chosen from heat baths 
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Figure 3. - Comparison of numerical capture cross Section Qc 
wi th  experimentally assumed capture cross section Qmax 
and observed reaction cross section for methyl cyanide- 





Figure 4. - Schematic diagram i l lustrat ing mechanism of mult iple reflection 
phenomena in ion-dipole collisions with plots of effective potentials for  
Langevin and permanent dipole collision systems against ion-molecule 
separation. 
ION-MOLECULE SEPARATION IN 
Figure 5. - Variation of ion velocity and polar molecule 
rotational energy du r ing  methyl cyanide-parent-ion 
mult iple reflection capture collision. 
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Figure 6. - Projection of ion t ra-  
jectory in Y-2 plane of Cartesian 
coordinate system with origin at  
cm of CH$N molecule. 
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Figure 7. - Sample movie frame for ion-dipole studies 
wi th  rotating target showing polar molecule and ion 
projections in 2020 plane of the center-of-mass 
system. 
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Figure 8. - Dipole moment variation for  polar tar et oscillators studied 
sets (A)  and (B) , lx,,,lo = 0.05 6;; P = p0 e&Dk[-a s$3. 
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Figure 9. - Sample movie frame for  
ion-dipole studies wi th  vibrating- 
rotating target showing extended 
molecular vibrator and ion projec- 
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Figure 10. - Variations of oscillator separation and velocity for ion-dipole collision demon- 
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strat ing Wassicat tunneling. '' 
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